Objective: To conduct a meta-analysis that investigates sex differences in the prevalence of mutations in the 3 most common genes that cause amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD)-chromosome 9 open reading frame 72 (C9orf72), progranulin (GRN), or microtubule-associated protein tau (MAPT)-in patients clinically diagnosed with these conditions.
Frontotemporal dementia (FTD) affects 15-22/100,000 Americans, 1 and is the second leading cause of early-onset dementia, characterized by severe behavior and language disturbances due to frontal and temporal neuronal death. 2 Amyotrophic lateral sclerosis (ALS), which affects approximately 5/100,000 Americans, 3 lies on a clinicopathologic continuum with FTD, 4 and causes severe motor impairment due to neuronal loss in the spinal cord and motor cortex. 5 These incurable disorders have progressive, short disease courses, spanning approximately 3 years for ALS and 3-10 years for FTD. 6, 7 Sex differences in clinical prevalence have been identified in ALS, 8 and while some studies report sex differences in FTD, 9, 10 others do not. 11, 12 Causal genetic mutations account for up to 10% of ALS 13 and 10%-20% of FTD cases. 14 Our aim was to conduct a meta-analysis examining differences between men and women in the prevalence of hexanucleotide repeat expansions ($30 repeats) in the chromosome 9 open reading frame 72 (C9orf72) gene, the most common known genetic cause of both ALS and FTD. We also investigated sex differences in the 2 most common genes with mutations that cause FTD: microtubule-associated protein tau (MAPT) and progranulin (GRN). Because these mutations are located on autosomal genes and would be expected to be inherited similarly by men and women, if sex differences are found in the prevalence of mutations in those with ALS or FTD, this suggests there may be sex-specific risk factors (e.g., neurotoxic exposure) or biologic mechanisms (e.g., epigenetic modifiers such as hormonal changes, sex-mediated brain development) that moderate gene expression and alter the disease phenotype.
METHODS We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 15 recommendations.
Study selection and screening. PsycINFO, EMBASE, and MEDLINE were systematically searched on June 30, 2016, with no timeframe restrictions. Relevant keywords and MeSH terms used were those describing or relating to clinical diagnoses of FTD or ALS, combined with keywords describing the genetic mutations of interest (see appendix e-1 at Neurology.org for complete search strategy). We restricted the search to human studies and English language articles. Reviews and meta-analyses were excluded, but reference lists were checked for additional relevant articles. All relevant hits were exported to Endnote reference management software (version X7.4). Once duplicates were removed, abstracts were screened independently by 2 trained research assistants, RA1 and RA2. Full text screening of relevant articles was conducted by 2 independent teams of 3 raters (team 1: A.F.C., G.M., RA1; team 2: B.A., K.Z., RA2). Discrepancies were resolved through discussion with M.M., G.-Y.R.H., and M.C.T. Articles were included if study samples included patients with clinically diagnosed FTD or ALS using well-established diagnostic criteria, 2, [16] [17] [18] [19] [20] [21] [22] and if the study reported the total number of male and female patients with and without a mutation in the genes of interest (C9orf72, GRN, or MAPT) from the larger pool of patients with clinically diagnosed FTD or ALS. Consistency across articles was achieved by excluding those articles that diagnosed FTD or ALS solely based on neuropathology (e.g., CSF or postmortem diagnoses) without a previous clinical diagnosis of FTD or ALS. Articles containing duplicate samples already included in the meta-analysis were excluded. Articles that selected subgroups of patients from their larger pool of clinically diagnosed ALS and FTD cases based on criteria that could potentially introduce bias into our calculation of sex prevalence (e.g., included only a subgroup of mutation and noncarrier patients matched on age or sex, or included only patients whose sibling or other related family member also participated) were excluded.
Data extraction. Data were independently extracted and entered into separate databases by the 2 teams of raters. Disagreements were resolved by discussion and consensus. To characterize the dataset, we extracted available data describing study location (continent), method of patient recruitment (e.g., clinic-based referrals, population-based sampling), initial clinical diagnosis of patients (FTD or ALS), FTD subtype (e.g., behavioral variant 23 or primary progressive aphasia 24 ), diagnostic criteria, mean age at disease onset, mean disease duration, and whether the study sample contained unrelated patients. Given that ALS and FTD may occur together, 25 we also extracted information regarding comorbid cases (e.g., patients with ALS who developed FTD or patients with FTD who developed ALS). We also recorded the number of male and female participants with and without mutations in the genes of interest. In addition, we recorded whether studies excluded patients with specific FTD or ALS mutations, and identified these excluded mutations. Finally, we recorded the type of genetic sequencing conducted (whole genome sequencing [WGS] , whole exome sequencing [WES] , targeted gene sequencing), and whether genetic testing was diagnostic grade (e.g., Clinical Laboratory Improvement Amendment certified) or research grade.
Data analysis. Interrater agreement of articles included in the meta-analysis was assessed using the Cohen kappa statistic. Interrater agreement of data extraction was computed as percentage of agreement. We conducted separate meta-analyses for mutations in each gene (C9orf72, GRN, or MAPT) and for each clinical diagnosis (FTD or ALS), resulting in 4 separate analyses: (1) C9orf72-related ALS, (2) C9orf72-related FTD, (3) GRNrelated FTD, and (4) MAPT-related FTD. For each article, we first calculated the proportion of women and men with each of the 3 mutations of interest relative to the total sample with and without that mutation, as follows: proportion of female carriers 5 no. of women with the mutation of interest ÷ no. of women with and without the mutation of interest; proportion of male carriers 5 no. of men with the mutation of interest ÷ no. of men with and without the mutation of interest.
Denominators included patients with no known mutation identified as well as patients with identified mutations other than the one of interest. Effect size was measured by calculating the female to male risk ratio (RR) of the above 2 proportions for each of the 3 mutations of interest. Corresponding 95% confidence intervals (CIs) of the RR were also computed. Risk estimates greater than 1.0 indicate higher prevalence in women, whereas estimates less than 1.0 indicate higher prevalence in men. RRs were considered statistically significant if the 95% CI did not include the neutral value of 1.0. For each analysis, we employed randomeffects models to estimate the pooled RR across studies, as this is a more conservative approach and minimizes the effect of between-study heterogeneity. 26 Given the potential influence of sex differences in patients with other known mutations that were included in the denominator of our prevalence estimate, 27 we recorded whether studies excluded patients with other known mutations, or did not screen for or exclude any other known mutations (table e-1). Studies were grouped according to mutations excluded (e.g., none, all other known mutations, GRN, GRN and MAPT) and subgroup analyses were conducted to assess whether there were betweengroup differences in RR, using the Q-between statistic (Q b ). We also assessed the effect of patient relatedness on any observed sex differences by conducting subgroup analyses that compared the RR of studies that included related patients to the RR of those that did not include related patients (using Q b ). Finally, we conducted subgroup analyses to investigate whether RRs differed by method of patient recruitment or continent.
Heterogeneity was examined using the inconsistency index (I 2 ). Publication bias was assessed using the Egger regression intercept test. p Values less than 0.05 were considered statistically significant; however, I 2 values of 30% or higher were investigated further for sources of potential heterogeneity. 28 Statistical analysis was conducted using Comprehensive Meta-Analysis version 3.
RESULTS Literature search and screening. We retrieved 7,013 records in the initial database search and 1,685 articles were identified for full text review. Eighty-five articles were included in the meta-analysis (figure 1 and table e-1). A total of 159 articles could not be included in the meta-analysis because they did not provide sex-segregated data for mutation and nonmutation carriers, required to calculate sexspecific prevalence. To determine the success rate of obtaining sex-segregated data from authors, a subset of authors from these articles was contacted to provide this information, but the response rate was only 36%. Given this low response rate, and the potential for author response bias on our results, we did not pursue further author contact and only retained those articles that provided sex-segregated information in their publication. Interrater agreement between the 2 teams of raters for article inclusion in the metaanalysis was very high (k 5 0.87). For data extraction, the overall agreement rate was 96%. The majority of items had 100% agreement and the worst agreement was for the count of male and female mutation carriers, with 92% agreement. Discrepancies were discussed and 100% agreement was achieved.
Study characteristics. Descriptive information on each article included in the meta-analysis (and corresponding reference list) is provided in table e-1. Thirty-two articles reporting 12,784 patients with ALS (57% male, 9.7% C9orf72 expansion carriers) and 23 articles reporting 5,320 patients with FTD (53% male, 9.2% C9orf72 expansion carriers) provided relevant information on C9orf72 mutations. Thirty-six articles reporting 3,857 patients with FTD (51% male, 9.6% GRN mutation carriers) provided relevant information on GRN mutations. Twentyone articles reporting 2,377 patients with FTD (53% male, 9.0% MAPT mutation carriers) provided relevant information on MAPT mutations. Although some articles reported cases where patients with ALS also developed FTD, or patients with FTD developed ALS, sex-segregated information for these comorbid cases were only provided in 16% of relevant articles, therefore data extraction of clinical diagnoses were restricted to the initial diagnoses of ALS or FTD. FTD sex-segregated subtype information was provided in only 24% (k 5 13) of relevant articles, and thus could not be analyzed further due to lack of sample representation. Sex-segregated age at onset data were only provided in 42% (k 5 36) of articles, so we recorded the mean age at onset of the entire FTD and ALS sample. Sex-segregated disease duration was only provided in 15% (k 5 13) of articles, so this was not analyzed further. Only one study 29 recruited patients via random population sampling (ALS disease registry). The remaining studies recruited patients from specialty clinics or research databases of specialty clinic referrals or did not report their recruitment methods. No studies provided information on whether the genetic testing was diagnostic or research grade. No studies conducted WGS and 2 studies conducted WES, one of which reported using the gold standard Sanger sequencing validation method. The remaining 83 studies conducted targeted gene sequencing: 54 (65%) used Sanger sequencing, 10 (12%) used non-Sanger sequencing methods, and 19 (23%) did not describe their sequencing methods.
Meta-analysis. C9orf72-related ALS. We observed a higher prevalence of female C9orf72 carriers with ALS (RR 1.16, 95% CI 1.04-1.29, p 5 0.006) (figure 2). There was no heterogeneity (I 2 5 0.0%, p 5 0.64) and no publication bias (p 5 0.07). Because the above analysis combined in the denominator both the studies that included all patients without the C9orf72 mutation, i.e., those with ALS mutations in genes other than C9orf72, as well as those with no known ALS mutations, we conducted subgroup Figure 2 Sex differences in prevalence of C9orf72 hexanucleotide expansions in patients with amyotrophic lateral sclerosis
Forest plot displays random-effects meta-analysis results for female:male risk ratios (RRs). The sizes of the squares are proportional to relative study weights. CI 5 confidence interval. *Study numbers correspond to the e-references.
analysis to compare effect sizes between studies that excluded other identified mutation carriers and those that did not screen for or exclude any other mutation carriers. There were no RR differences between studies that excluded patients with other non-C9orf72 ALS mutations and those that did not (Q b 5 0.65, p 5 0.72). There were also no RR differences between studies that included related patients in their samples and studies that did not (Q b
65).
GRN-related FTD. We found a higher prevalence of women with FTD carrying GRN mutations (RR 1.33, 95% CI 1.09-1.62, p 5 0.005) (figure 4). There was no heterogeneity (I 2 5 2.12%, p 5 0.43) and no publication bias (p 5 0.50). There were no RR differences between studies that excluded patients with other non-GRN mutations and those that did not (Q b DISCUSSION We conducted a meta-analysis to determine whether there are sex differences in the prevalence of mutation carriers in the most common gene that causes FTD and ALS (C9orf72) and the other 2 most common genes that cause FTD (GRN and MAPT).
C9orf72-related ALS. While men are known to have a higher prevalence of ALS overall (combination of sporadic and mutation carriers), 8 we found that Forest plot displays random-effects meta-analysis results for female:male risk ratios (RRs). The sizes of the squares are proportional to relative study weights. CI 5 confidence interval. *Study numbers correspond to the e-references.
women had a 16% higher prevalence of C9orf72-related ALS. Current explanations for higher male prevalence of sporadic ALS include their greater exposure to environmental risk factors (e.g., pesticides, greater amounts of physical activity, and occupations in the armed forces). 30, 31 There is no reason to assume that men with C9orf72-related ALS have less exposure to these risk factors. We propose a number of possible explanations for our findings. First, there may be unknown sex-related risk factors that moderate C9orf72 ALS pathogenic mechanisms that override the exogenous risk factors to explain this higher prevalence of women with C9orf72-mediated ALS. Thus, we suggest that future research should explore potential sex differences in the proposed C9orf72 expansion molecular mechanisms, such as haploinsufficiency of the C9orf72 protein, 32 gain of neurotoxic protein (RNA or dipeptide repeat) aggregates, 33 increased cortical excitability that disrupts the function of protective astrocytes in the motor cortex, 34 or disruption of immune system homeostasis. 35 Second, the sex effect in C9orf72-related ALS might be due to longer survival of women with this mutation. Given that women live on average longer than men, 36 and penetrance of C9orf72 expansions increases with age, 37 women are more likely to reach the age of complete penetrance and expression of the ALS phenotype. Compounding this sex difference in life expectancy, men with C9orf72 mutations have a shorter disease course. 38 Because age at onset was rarely provided separately for men and women, we could not covary its effect on the observed sex difference. Longitudinal incidence studies are the only manner in which sex differences in survival and disease course can be accounted for when examining sex differences in C9orf72-related ALS.
C9orf72-related FTD. Unlike the results for clinically diagnosed ALS cases, we did not observe a sex difference in C9orf72 carriers with FTD. It is possible that diagnostic errors, which are more common in women relative to men with FTD, 39 may have resulted in Figure 4 Sex differences in prevalence of GRN mutations in patients with frontotemporal dementia Forest plot displays random-effects meta-analysis results for female:male risk ratios (RRs). The sizes of the squares are proportional to relative study weights. CI 5 confidence interval. *Study numbers correspond to the e-references.
missed female C9orf72 carriers in the included FTD study samples. However, it is also plausible that sexrelated risk factors might selectively interact with ALS and FTD disease mechanisms and epigenomic factors could be contributing to the difference in phenotype expression in women with C9orf72 mutations.
GRN-related FTD. Similar to C9orf72-related ALS, we observed a 33% higher female prevalence of GRNrelated FTD. GRN expression during embryogenesis plays a role in determining whether an individual develops a male or female brain. 40 Therefore it is possible that differences in sex hormones, possibly including changes that occur at certain stages of life (e.g., menopause), change the risk for developing GRN-mediated disease in a sex-dependent fashion. 41 We encourage future studies to provide sex-segregated age at onset data as well as menopausal status of women in order to further investigate this possibility. Moreover, given that there are over 50 known mutations in GRN that cause haploinsufficiency of the GRN protein, leading to neurodegeneration and expression of the FTD phenotype, 42 we suggest that future research should examine how sex-related risk factors might moderate mutation-specific pathogenic mechanisms, such as disruption of neuroprotection and antiinflammatory responses, 43 or buildup of TAR-DNA binding protein aggregates. 44 MAPT-related FTD. Given that MAPT mutations lead to neurodegeneration by either loss of tau protein function or an accumulation of defective hyperphosphorylated tau protein, 45 our findings of no sex differences in prevalence of MAPT-related FTD suggest that men and women with MAPTrelated FTD may not differ in susceptibility to mutated tau.
Strengths and limitations. The main strength of our meta-analysis is that the included studies comprised a large pooled sample size of 21,028 patients, despite the exclusion of 159 studies that did not provide relevant sex-segregated information. The large sample size improves the generalizability of our evidence of sex differences in the prevalence of certain ALS and FTD mutations.
One limitation of the studies included in this meta-analysis is the reliance on recruitment through specialty clinic referrals rather than population or community-based sampling, which could reduce generalizability of the findings. For example, some clinic studies might be prone to participant selection bias because patients were recruited based on their relationships with each other or index cases. Representativeness of clinic samples can also be affected because patients referred to clinics are often younger and present with a more rapidly progressive onset of neurodegeneration. 46 While these selection biases remain important limitations, we attempted to reduce their potential effects by excluding studies that selected patients based solely on family relatedness (e.g., included only index patients and their siblings). Moreover, we directly examined whether there were Figure 5 Sex differences in prevalence of MAPT mutations in patients with frontotemporal dementia
differences in effect sizes between studies that included related and unrelated patients, and here we found no differences. It is also important to note that the proportion of men and women diagnosed with the 2 disorders in the studies included in this metaanalysis, which was based predominately on specialty clinic sampling, is consistent with reports identified in population-based studies, [9] [10] [11] [12] 46 thus making it less likely that our observed prevalence findings were affected by selection bias. In addition, due to the low population prevalence of ALS 3 and FTD, 1 and the need and expense for genetic testing, clinic-based studies are a reasonable approach to doing research in the area.
Given that included studies did not describe the grade of genetic testing, and that most studies conducted targeted gene sequencing, we cannot rule out the possibility of false-negative results in the reported mutation data. However, given that any testing procedure used in a study would be applied to both male and female patients, it is not clear how this bias in genetic testing would affect sex-based prevalence calculations.
As previously mentioned, we were unable to examine the effect of age at onset and disease duration on sex differences due to a lack of sex-segregated reporting. This underlies the need for longitudinal incidence-based studies that further explore how gene-mediated ALS and FTD disease courses might differ for men and women. However, given the challenges to conducting longitudinal studies with these relatively rare diseases, a more feasible next step might be to utilize large-scale multicenter cross-sectional biomarker collection studies such as the ANSWER ALS initiative (answerals.org) and Genetic FTD Initiative (genfi.org.uk/index.html) to further examine sex differences in pathogenic mutations.
A final limitation of the included studies is the lack of sex-segregated information regarding FTD subtype. To further understand how sex affects susceptibility to neural pathology and FTD phenotypic expression, it would be interesting to examine whether sex differences in mutation prevalence differ across FTD subtypes. Moreover, given that up to 40% of patients initially diagnosed with ALS can develop comorbid FTD, and up to 10%-15% of patients initially diagnosed with FTD can develop ALS, 25 it would be interesting to explore whether sex differences are observed across comorbid phenotypes. While the included studies did not provide sufficient sex-segregated information for comorbid cases, this remains an area for future exploration.
Our findings support the consideration of sex in the understanding of pathogenic mechanisms of C9orf72-related ALS and GRN-related FTD. Ultimately, this information could increase our understanding of ALS and FTD etiology, which could be important for treatment and management of the disorders, and could also be factored into genetic counseling recommendations.
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